Background and objectives Poor linear growth is common in children with CKD and has been associated with higher mortality. However, recent data in adult dialysis patients have suggested a higher risk of death in persons of tall stature. In this study, we aimed to examine the risk of all-cause and cause-specific mortality in children at both extremes of height at the time of first RRT.
Introduction
Short stature is prevalent among children with CKD, affecting up to one in three patients (1) . Studies performed over a decade ago demonstrated a higher risk of death associated with poor linear growth at the time of first RRT (2,3). Short stature in children with CKD has also been previously associated with higher rates of hospitalization and poor school performance (1-3). However, given overall improvements in the care of children with CKD (4), it is possible that the higher risk of mortality associated with poor linear growth in children with CKD has attenuated over time.
Interestingly, two recent studies of adults receiving dialysis treatment demonstrated that tall, as opposed to short, stature was associated with higher mortality risk (5, 6) . Tall stature in adults was also associated with a higher risk of cardiac-, infectious-, and cancerrelated death (5) . These observations differ from data reported in children, which have highlighted the risk associated with short stature. To our knowledge, the association between tall stature and mortality risk in children receiving RRT has not been examined.
In this study, we used data from the US Renal Data System (USRDS) to examine the association between short and tall stature at time of first RRT and mortality risk in children. We also examined the association between height at time of first RRT and cause-specific mortality. We hypothesized that short, but not tall, stature would be associated with higher risk of mortality in children at the time of first RRT, and that the association between height and mortality risk in children would differ from that found in adults.
Materials and Methods
Study Population, Data Source Population, and Data Source
We performed a retrospective cohort study of children between 2 and 19 years of age who started RRT between January 1, 1995, and December 31, 2011, using data from the USRDS (7) . The Committee on Human Research at the University of California, San Francisco considers this study to be exempt from Institutional Review Board review.
In brief, patients with available demographic characteristics, cause of ESRD, Medicaid coverage (categorical variable as an indicator of lower income status), zip code, date of ESRD onset, height, weight, and body mass index (BMI) at time of first RRT from the Centers for Medicare and Medicaid 2728 (CMS-2728) Medical Evidence (MEDEVID) form and patient's file in the USRDS were included for analysis. Zip code was used to determine the average median household income of patients' neighborhoods using data from the American Community Survey between 2006 and 2010 (8) . Initial ESRD treatment modality (pre-emptive transplant versus dialysis) was determined by comparing the first ESRD service date, dialysis service date, and first transplant date listed in the MEDEVID forms and patients' files. eGFR was determined by the Schwartz Equation (9).
We determined transplant dates using USRDS patient and transplant files, which contain data reported by transplant centers to the United Network for Organ Sharing.
Height Definitions
We converted height into age-and sex-standardized height z-scores using the 2000 Centers for Disease Control and Prevention (CDC) standards for children in the United States .2 years of age (10). We defined short stature as height ,3rd percentile for age and sex (corresponding to z-score ,21.88), and tall stature as height .97th percentile for age and sex (corresponding to z-score .1.88) (11, 12) . We included only children whose first RRT fell within our study period, defined by availability of a CMS-2728 MEDEVID form filed within 6 months of the first RRT service date (n=14,024). We excluded patients whose forms had missing height (n=261) or persistent extremes of height (z-score ,28 and .6) that we thought were likely to be erroneous (n=97) (Figure 1 ). We also excluded patients with missing median income values from our analysis (n=448).
Primary Outcome
We abstracted death dates and primary causes of death (cardiac, infectious, cancer, and other) from the USRDS patient files. We ascertained all deaths through June 30, 2012.
Statistical Analyses
We examined temporal trends in height at time of first RRT using a multivariable linear regression model with calendar year of ESRD onset as the main predictor and height z-score at ESRD onset as the outcome. This model was adjusted for demographic factors including age at ESRD onset, sex, race, cause of ESRD, Medicaid status, and median neighborhood income.
We assessed the association between height category at time of first RRT and risk for all-cause mortality using a Cox proportional hazards model adjusted for sex, race, cause of ESRD, Medicaid status, median neighborhood income, calendar year (to account for temporal changes in height at time of first RRT over time and any potential secular trends in survival), transplant (as a time-dependent covariate), and age category at initial RRT onset. We categorized age at time of first RRT as 2-5 years, .5 years but ,13 years, and $13 years, owing to known differences in risk of death by age from earlier literature (7, 13, 14) . We did not censor patients at the time of transplantation during follow-up, given that transplantation occurs commonly in children, improves survival of children with ESRD, and may be a mediating factor that relates to all-cause mortality. This adjusted timedependent Cox model was used as our primary model for all analyses. We did, however, explore the risk of death during the time attributed to transplantation versus dialysis in stratified adjusted Cox models during long-term follow-up.
To explore the U-shaped association between height z-score and risk of death given the results of our primary analysis, height z-score was further modeled as a spline term with four knots and used in a Cox model adjusted for sex, race, cause of ESRD, Medicaid status, median neighborhood income, calendar year, age category, and transplant as a time-dependent variable to evaluate hazard of death.
We chose a priori not to adjust for BMI or weight in our primary models because height is an integral component of BMI, and adjustment for weight would potentially reflect the association between weight-for-height (instead of height) and clinical outcomes. However, we did test for interaction between height and BMI categories in our primary Cox models. Owing to the presence of an interaction, we subsequently explored the association between height and weight status via subgroup analysis according to BMI categories as follows: low BMI (defined as BMI ,5th percentile for age and sex), normal BMI (defined as BMI 5th to 94th percentile for age and sex), and elevated BMI (defined as BMI $95th percentile for age and sex) (12, 15) . We also tested for the presence of interaction between height and race categories.
Finally, we used Cox models (adjusted for the same covariates as above, with transplant as a time-dependent covariate) to examine the association between height category and risk of cause-specific mortality (cardiac-, infectious-, or malignancy-related death).
With the exception of conversion of height into z-scores, which was performed using a statistical analysis system tool provided by the CDC (16) , all data analyses were conducted in Stata 13.
Results

Cohort Characteristics
We identified 13,218 children aged 2-19 years with available anthropometric measurements and other covariate information at the time of first RRT in the USRDS (Figure 1 ). Median age in this cohort was 14.5 years (interquartile range [IQR], 10.5-17.5), 55% were male, 67% were white, and 46% received Medicaid at the time of ESRD onset (Table 1) . Median eGFR at the start of RRT in children with nonmissing creatinine (n=10,910) was 7.6 ml/min per 1.73 m 2 (IQR, 5.6-10.2) and slightly higher in tall children (Table 1) .
Median age-and sex-standardized height z-score at time of first RRT was 20.90 (IQR, 21.93-0.05), on the basis of CDC standards for children in the United States. In adjusted analysis, every 5-year study interval was associated with a 0.08-unit higher average height z-score (95% confidence interval [95% CI], 0.05 to 0.11; P,0.001) at the time of ESRD onset.
Overall, 26% of children were short and 3% were tall. Children with short stature were more likely to be white, have congenital anomalies of the kidney and urinary tract as cause of their ESRD, and have Medicaid as their health payer (Table 1) . In contrast, a greater proportion of children with tall stature were black, had GN as the cause of their ESRD, and had a health payer other than Medicaid. By age at the time of first RRT, 46% of children with ESRD onset at 2-5 years of age had short stature, compared with 35% of children with ESRD onset at ages 5-13 years, and 19% of children with ESRD onset after age 13 years. Rates of death were higher in both short and tall children (Table 1) .
Approximately three quarters of children (n=10,042) received at least one kidney transplant, and approximately 15% of the cohort received pre-emptive transplantation ( Figure 1 ).
Height and All-Cause Mortality
Approximately 13% of the cohort (n=1721) died during 98,786 person-years of follow-up (median follow-up period 7.1 years; IQR, 3.5-11.0). In primary analysis, the adjusted risk of death was 1.49 times higher in children who were short (95% CI, 1.33 to 1.66; P,0.001) and 1.32 times higher in children who were tall (95% CI, 1.03 to 1.69; P=0.03) compared with children with normal height at ESRD onset in an adjusted Cox model. The association between height z-score modeled as a spline and the hazard of death is shown in Figure 2 .
To evaluate whether the association between height and mortality may differ depending on modality of treatment, we stratified our primary models by time-updated RRT modality (transplant versus dialysis) in exploratory analysis. In this model, there were 39,235 at-risk person-years on dialysis and 59,551 at-risk person-years with a transplant. In children with short stature, we found the risk of death remained statistically significantly higher than that of children with normal stature, regardless of treatment modality (hazard ratio 
Interaction between Height, BMI, and Race
In secondary analysis, BMI was found to modify the association between height and risk of all-cause mortality (P=0.04). Thus, we performed additional analyses to examine the risk of death by BMI category using our adjusted Cox models (Table 2 ). In children with short stature, risk of death was statistically significantly higher than that of children with normal stature if children had normal or 17 (579) 17 (1597) 23 (80) Death rate per 100 person-years (95% CI) elevated BMI, but not statistically significantly higher if children were underweight. In contrast, in children with tall stature, risk of death was higher than that of children with normal stature only for children with elevated BMI. We also tested for the presence of interaction between height and race categories and found a significant interaction (P=0.02) between black race and tallness. Black children who were tall did not have a statistically significantly different risk of death compared with black children with normal stature (HR, 1.00; 95% CI, 0.70 to 1.42). In contrast, white children who were tall had a significantly higher risk of death than white children with normal stature (HR, 1.89; 95% CI, 1.30 to 2.75).
Height and Cause-Specific Mortality
Of the children who died and had available cause of death (n=1355, 79% of total deaths), there were 466 cardiacrelated deaths (34%), 232 infection-related deaths (17%), and 64 malignancy-related deaths (5%). Of the malignancy-related deaths, 30 (47%) were reported as cancer-related deaths in children previously on immunosuppression. The risk of cardiac-and infection-related death was statistically significantly higher in children with short stature compared with children with normal stature (Table 3 ). In contrast, the risk of cancer-related death was statistically significantly higher in children with tall stature compared with children with normal stature.
Discussion
In this study, we examined the association between height and mortality risk at the time of first RRT, which should reflect growth during the CKD phase of disease. We found that, despite small improvements in height over the last 2 decades, over one quarter of children starting RRT still had short stature. Our study confirms and updates the Figure 2 . | Adjusted spline of the association between height z-score and the risk of death. * Hazard ratio is the hazard ratio for a given height z-score, divided by the baseline hazard. association between short stature and higher risk of death that has previously been reported in both a prevalent USRDS cohort of children with ESRD followed between 1990 and 1995 and an incident cohort of children initiated on RRT before 2000 in a voluntary North American registry (2, 3, 13) . The elevated risk of death in the pediatric population with short stature may, in part, reflect illness severity or diminished access to nephrology care and is not entirely unexpected. However, the higher risk of death in children with short stature persisted despite adjustment for transplant as a time-dependent covariate in our primary model, especially if children were not underweight. Because improvements in height accrual are reported to occur after transplantation (17,18), we would have expected the higher mortality risk in children who may be short at the time of first RRT to attenuate with transplantation. However, our results demonstrated a persistently higher risk of death even when isolating the duration of follow-up to time with a transplant, although we were unable to account for the extent of renal function after transplantation. In our study, children with short stature had a higher prevalence of Medicaid use, which may be a marker of lower socioeconomic status that could partially explain the higher mortality risk in shorter children despite transplantation. Other factors such as nonadherence to therapy and lower access to care, which are commonly associated with short stature in children with CKD (19) (20) (21) , may also be underlying factors that could contribute to the elevated mortality risk in children with short stature.
The higher risk of death in children with short stature was particularly evident for cardiac-and infection-related death. A higher risk of infectious complications is not unexpected because short stature may track with poor nutritional status, which may predispose children receiving RRT to infections (2, 22) . However, the reasons why short stature in children with kidney disease is associated with a higher risk of cardiac death are not entirely clear. In the general adult population, short stature has been linked genetically to a higher risk of atherosclerotic disease, but children with ESRD may not have genetic short stature (23, 24) .
Contrary to our hypothesis, we also found a higher risk of death among children with tall stature at the time of first RRT, especially if these tall children had elevated BMI or were white. It is unclear why the association between tall stature and higher mortality does not extend to black children, although our results are consistent with those found in black adult dialysis patients (6) . We were also unable to address the reasons for the higher risk of mortality in children with tall stature, although we did find a higher risk of malignancy-related death. The higher risk of cancer in children with tall stature is consistent with previously reported associations described in the general adult population, where higher cell number and cell proliferation rates are suggested as potential explanations for the link between tall stature and cancer (5, 25) . In our study, taller children were more likely to have GN as the cause of their ESRD, and patients with GN may have been exposed to more lifetime immunosuppression and therefore be predisposed to a higher risk of cancer-related death. However, our study is limited by the lack of data on immunosuppressant exposure or exact type of malignancy (such as post-transplant lymphoproliferative disorder) both before and after the onset of ESRD.
Our novel finding of an association between tall stature at time of RRT and higher risk of death in children, especially those with elevated BMI, is consistent with results from two recent studies of adult dialysis patients (5, 6) . In a study by Shapiro and colleagues of over 117,000 prevalent adult hemodialysis patients, taller stature was associated with a higher risk of all-cause mortality and cause-specific (cardiac-, infectious-, and cancer-related) mortality (5) . A more recent study performed in the USRDS of over one million adult dialysis patients also demonstrated a higher risk of death in taller persons (6) . Adult studies have suggested that persons with tall stature may receive inadequate dialysis dosing (Kt/V urea ), which may be associated with a higher risk of death (5, 26) . However, the preferred modality of RRT in children is transplantation, and the majority of our cohort received at least one kidney transplant during the follow-up period. Thus, inadequate dialysis dosing seems less likely to be a contributor to the higher rates of death seen in taller children, although we did find that the higher mortality risk in tall children was attributable to the period of follow-up on dialysis.
The strengths of our study include the large size of our national cohort, the contemporary nature of the data, and a relatively large number of clinical outcomes. Limitations include the observational nature of these data, potential errors in data used for height and BMI determination (which may be influenced by presence of edema), and missing data in the USRDS, which may have caused some misclassification of height category, BMI category, transplant status, or excluded some children from our study. Additional limitations include the lack of data on growth hormone and immunosuppressant use both before and after onset of ESRD, exact type of malignancy (such as post-transplant lymphoproliferative disorder), and lack of data on height trajectory, although the focus of our study was on the relationship between achieved height at the time of ESRD onset and subsequent outcomes. Finally, it is unclear if height per se, versus factors that may track closely with height, including socioeconomic status, anemia, nutritional deficits, duration and treatment of CKD, or nonadherence, mediate the association identified between extremes of height and risk of mortality and transplantation.
In conclusion, the prevalence of short stature among children at time of first RRT remains high, and associations with higher mortality risk were still observed within this contemporary cohort of children treated with RRT. Tall stature is much less common but was associated with higher all-cause mortality, especially in children with elevated BMI, and with malignancy-associated mortality. Further studies are needed to determine reasons for the higher risk of mortality in children at both extremes of height.
